We report the first finding of bone metaplasia of left ventricular aneurysm following myocardial infarction in young rat. Areas of cartilagineous and osseous metaplasia were found in the papillary muscle, chordae tendineae and subendocardial tissue seven weeks after experimental ligation of the left coronary artery. In this experiment, a breed of normotensive, two-month-old rats was used, meaning that all potential genetic and age-related factors for the development of metaplasia can be ruled out. Trichrome Mallory and hematoxylin-eosin staining showed an aneurysmatically changed heart wall with central parts of several trabeculae occupied by cartilaginous tissue, that in which some areas displayed signs of endochondral ossification: characteristic chondrocyte hypertrophy with small areas of calcified matrix and osteoid bone formation. The metaplastic areas expressed strong immunoreactivity with bone morphogenetic proteins 4 and 7. Cartilage tissue formation in the rat's heart was the result of oxygen diffusion from the oxygen-enriched blood inside the left ventricle and the local slowing of blood current inside the aneurysm, because the coronary artery supply in that area was cut off from ligation. Cartilage is known to be the only tissue that can survive in ischemic environments because it can obtain oxygen by diffusion from nearby blood. The presence of bone morphogenetic protein in the ischemic area directs myofibroblasts in the scar area to differentiate into chondrocytes and osteocytes, presenting as ossifying cartilage in the papillary muscle and subendocardial zone.
The transformation of an adult, fully differentiated tissue of one type into differentiated tissue of another type under abnormal circumstances is called metaplasia. Cartilaginous and osseous metaplasia is found in soft tissues (scar tissue, hemorrhagic foci, degenerative lesions and tumors) in humans and animals.
In the human heart, chondrocytes have been found in altered semilunar and atrioventricular valves and in the atherosclerotic coronary arterial walls of patients with diabetes. In some cases, ventricular aneurysms can calcify without metaplastic changes of tissue. Metaplasia in both humans and animals has been explained to be a part of endochondral ossification process, where mesenchymal stem cells transform into chondroblasts and produce a cartilaginous matrix.
In this report we describe the first finding of cartilaginous and osseous metaplasia inside an aneurysmatically altered left ventricle of the heart in a Sprague-Dawley rat following coronary artery ligation. This was an accidental finding during an experiment where we studied differences in the healing processes of aneurysms of the left ventricle and those of normal scars, which has been partially published. However, we did not expect to find bone and cartilage when sectioning one of the six aneurysms.
The ligation of the left anterior descending coronary artery was performed 2 mm from the origin of the artery. The animals were sacrificed seven weeks after ligation. The hearts were embedded in paraffin wax and serially sectioned into 10 µm slices. To detect scar areas in the rat's heart, hematoxylin-eosin and trichrome Mallory stainings were performed. In the five hearts without cartilaginous and osseous metaplasia, the trichrome Mallory staining disclosed abundant connective tissue within the scar area, which extended into the endocardium and trabecular tissue ( Figure 1A) . At higher magnifications, the trabecular tissue displayed centrally positioned cardiomyocytes embedded into the fibrous tissue ( Figure 1A In the heart with cartilaginous metaplasia, trichrome Mallory staining showed the fibrous tissue of the scar penetrating the trabeculae, but differing from the other samples in that the central parts of several trabeculae were occupied by the cartilaginous tissue ( Figure 1C ). The endochondral ossification process was detected inside the area of metaplasia with characteristic chondrocyte hypertrophy, areas of calcified matrix, and osteoid bone formation ( Figure 1C , insets). Hematoxylin-eosin staining revealed additional locations of metaplasia in the subendocardial area ( Figure 1D ) with signs of endochondral ossification ( Figure  1D, inset) .
We have used double immunofluorescence staining of the heart tissue to detect bone morphogenetic proteins 4 and 7 (BMP4, BMP7). Bone morphogenetic proteins (BMP) belong to the TGF-β superfamily. BMP4 is a polypeptide that plays an important role at the outset of endochondral bone formation in humans, while BMP7 is also known as osteogenic protein-1 and plays a key role in the transformation of mesenchymal cells into bone and cartilage.
Sections used in double immunofluorescence staining were treated in a microwave oven at 95°C for 12 minutes in sodium citrate buffer (pH 6.0). They were then treated in goat serum (Normal Goat Serum, X0907 DAKO; Glostrup, Denmark) for 1 hour. Thereafter, sections were incubated overnight with the two following combinations of antibodies: sheep polyclonal antibody to hyaluronic acid (1:300, ab53842; Abcam, Cambridge, USA) with mouse monoclonal antibody to BMP4 (3H2.3) (1:100, sc-12721; Santa Cruz Biotechnology, Inc., California, USA), and rabbit polyclonal antibody to BMP7 (1:100, ab56023; Abcam, Cambridge, USA).
Secondary antibodies were incubated for 1 hour: Alexa fluor 594 donkey anti-goat IgG (red fluorescence) for hyaluronic acid (1:300, A-11058; Invitrogen) in both combinations and Alexa fluor 488 donkey anti-rabbit IgG (green fluorescence) (1:300, A-11008; Invitrogen) for BMP7 or goat anti-mouse IgG1-FITC (green fluorescence) for BMP4 (1:200, sc-2078; Santa Cruz Biotechnology inc., California, USA).
Cells positive for hyaluronic acid immunofluorescence had diffuse red cytoplasmatic signals, cells positive for BMP4 or BMP7 immunofluorescence had diffuse green cytoplasmatic signals, and DAPI stained the nuclei of all cells.
BMP4 and BMP7 were detected only in the metaplastic scar tissue sections. BMP4 was located near the ossification areas ( Figure 1E ) while BMP7 was more abundant inside cartilaginous tissue ( Figure 1F) .
To conclude, an ossifying cartilage was found in the papillary muscle, chordae tendineae, and subendocardial tissue of an aneurysmatically changed left ventricle wall. The areas of metaplasia were analyzed and endochondral bone formation processes were found. It is presumed that myofibroblasts, previously found by our group in the peri-infarct zone, differentiate into chondroblasts when exposed to severe ischemia and an abundance of BMP4 and BMP7. Mensenchymal cell condensation is followed by the differentiation of cells into chondrocytes. Chondrocytes undergo hypertrophy while generating a highly organized cartilage-specific extracellular matrix. After that, they disappear via apoptosis and are replaced by osteoblasts, which form bone.
This type of metaplasia has been described in a twoyear-old rat as an accidental finding caused by degenerative processes, and in the heart of hypertensive rats, but never in an aneurysm. Altered mechanical conditions following myocardial infarctions with changed hemodynamic flow in some cases induce stimuli for metaplasia in the subendocardial part of heart wall and papillary muscle. Arterial hypertension was found to be the critical factor for cartilage metaplasia.
In our experiment, all potential genetic-and agerelated factors for metaplasia development were excluded. To the best of our knowledge, the extant scientific literature does not mention an occurrence of cartilage and bone tissue in young rats nor in an aneurysm of left ventricle. Bone and cartilage metaplasia was found in only one aneurysm in our study, while five similar aneurysms did not contain metaplastic areas.
An extensive myocardial infarction alone was described as an important factor for metaplasia in rats, but we believe that the combination of extreme ischemia, hemodynamic changes, and a local extracellular milieu is necessary for regional metaplasia in myofibroblasts. We did not find metaplasia in 30 extensive myocardial infarctions that resulted in normal scar tissue in the course of our previous experiments. Therefore, cartilaginous and osseous metaplasia in young rats following myocardial infarction occurs more rarely than in old rats.
Cartilaginous tissue formation in this rat's heart was the result of oxygen diffusion from the oxygen-enriched blood inside the left ventricle and local slowing of blood current inside the aneurysm, because the coronary arterial blood supply to that area was cut off by ligation. Cartilaginous tissue is known to be the only tissue that can persist in ischemic environments because it can obtain oxygen by diffusion from nearby blood. The presence of a critical amount of BMP in the ishemic area directs myofibroblasts to differentiate into chondrocytes and osteocytes, presenting as ossifying cartilage in the papillary muscle and subendocardial zone (1-10). 
